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Abstract 
Solid-state anaerobic digestion of dewatered sludge was investigated under mesophilic conditions and a steady state 
model was developed to help reactor design for solid state anaerobic digestion system of dewatered sludge. Biogas 
yield, volatile solid reduction and methane content showed good linear relationship with OLR (or 1/SRT) at long 
SRTs (≥ 10d). The minimum SRT at which system failure occurred was 3 days. Maximum VS reduction and biogas 
yield was estimated 44.83% and 0.420 lg-1 VSadded-1 d-1. First order constant k  was 0.24 d-1. The model can be used 
to predict system performance and help reactor design. 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 
Methane production of sewage sludge has always been investigated in wet digestion systems. However, 
traditional wet anaerobic digestion systems are not always feasible in small-scale WWTPs or WWTPs in 
some undeveloped countries due to due to poor management, unprofessional operation, economical 
limitation and inadequate planning. 
Solid-state anaerobic digestion is usually characterized by a high TS content of the feedstocks, 
typically greater than 15% (w/w). For municipal sewage sludge, solid-state anaerobic digestion was first 
suggested by Fujishima et al [1]. As they suggested, the dewatered sludge discharged from small-scale 
plants could be collected and sent to a plant with an anaerobic digester. Recently, the feasibility of solid-
state anaerobic digestion of dewatered sludge in long-term semi-continuously fed reactors has been 
investigated [2]. But the variations in the VS/TS of feeding sludge and inadequate operation periods at 
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certain SRTs limited the kinetic study in the previous research. To assess the size of an anaerobic digester, 
design criteria must be chosen. One practical method was to develop a steady state model by lab-scale 
experiments, which has not been done for solid-state anaerobic digestion of dewatered sludge up to now.  
In this study, performance of solid-state anaerobic digestion of dewatered sludge at 6 SRTs (40, 30, 20, 
15, 10 and 5 days) was investigated with the same feeding sludge in single-stage completely-mixed 
reactors (semi-continuously operated). The aim was to examine the system performance at different SRTs 
and to develop a steady state model for predicting system performance as well as helping large-scale 
reactor design. 
2. Methods 
2.1. Substrates and inoculums 
Dewatered sludge from Anting WWTP (Shanghai, China) was used as substrate for the present study. 
The sludge was a mixture of primary and excess sludge. The total solid (TS) of the dewatered sludge was 
21 % (w/w) and volatile solids (VS) accounted for 51% of TS. The mesophilic seed sludge was collected 
from a pilot-scale semi-dry anaerobic digester treating dewatered sludge from the same WWTP and had 
TS of 12 % (w/w) and VS was 40 % of TS. Characteristics of dewatered sludge and inoculums are listed 
in Table 1. The collected dewatered sludge was stored at 2°C and heated to 35°C before everyday feeding. 
Table 1. Characteristics of the substrate and inoculums. 
Parameters TS (%,w/w) VS/TS (%) pH C/N (w/w) TAN (mg/l) 
Substrate 
Inoculum 
20.05±0.03 
12.15±0.02 
51.06±0.16 
40.22±0.13 
7.42±0.04 
8.01±0.02 
7.4±0.1 
- 
712±22 
2216±56 
- : Not determined 
2.2. Reactors and operation 
Two reactors (numbered R1and R2), each with liquid working volume of 6.0 l, were equipped with 
helix-type stirrers, which were set at a rate of 30 rpm (rotations per minute) with 2 minutes stirring and 15 
minutes break continuously. Volumes of produced biogas were measured by wet gas meters every day 
and recorded at STP (standard temperature and pressure) condition. 
On the first day of the experiments, 6.0 l seed sludge was added to each reactor, which was operated 
semi-continuously (once-a-day draw-off and feeding) at 35±1°C. R1 was operated for a period of two 
SRTs at 40-day SRT and three SRTs at 30-day SRT. R2 was operated for three SRTs at each SRT of 20-
day and 15-day, and four SRTs at each SRT of 10-day and 5-day. 
2.3. Analytical methods 
Biogas and substrate samples of the reactors were taken twice a week and analysed for methane 
content, pH, TS, VS, volatile fatty acid (VFA) and total alkalinity (TA). The analyses were the same as 
described in our previous publication [2]. 
2.4. Statistical analysis 
All assays were conducted in at least triplicate and the results were expressed as mean ± standard 
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deviation. An analysis of variance (ANOVA) by SPSS (Statistical Package for the Social Science) was 
used to test the significance of the results and p < 0.05 was considered statistically significant. 
3. Results and discussion 
3.1. Performance of solid-state anaerobic digestion 
Table 2 shows the performance data of solid-state digestion at different SRTs. The data were average 
values after the system reaching steady state (determined by constant methane production and VS 
reduction). 
Table 2. Summary of methane yield (B), biogas yield (B’), volumetric methane production rate (MPR), VS reduction (VSr), CH4 
content, VFA, TA, TAN and pH at different SRTs. 
SRT 
(d) 
OLR 
(kgVSm-3d-
3) 
B 
(lCH4g-1VSadded-
1) 
B’ 
(lg-1VSadded-
1) 
MPR 
(l CH4 l-1 d-
1) 
VSr 
(%) 
VFA 
(g l-1) 
CH4 
(vol.%) 
TA 
(gCaCO3 l-
1) 
TAN 
(g l-1) pH 
40 2.6 0.255±0.007 0.382 ±0.010 0.67±0.02 
40.8±0.
8 
0.77±0.0
7 
66.7±0.
3 17.55±0.46 
4.04±0.1
5 
8.20±0.0
3 
30 3.4 0.244±0.005 0.367 ±0.008 0.83±0.02 
39.6±0.
9 
0.62±0.0
8 
66.5±0.
2 16.39±0.38 
3.89±0.2
0 
8.11±0.0
2 
20 5.1 0.224±0.006 0.341 ±0.009 1.14±0.03 
36.5±0.
6 
0.69±0.0
5 
65.6±0.
3 14.92±0.40 
3.62±0.1
6 
7.89±0.0
2 
15 6.8 0.203±0.005 0.313 ±0.008 1.38±0.03 
33.5±0.
7 
0.73±0.0
5 
64.9±0.
2 13.38±0.29 
3.43±0.2
2 
7.82±0.0
3 
10 10.2 0.168±0.004 0.264 ±0.006 1.71±0.04 
28.8±0.
4 
0.87±0.0
9 
63.6±0.
2 13.18±0.35 
2.85±0.1
3 
7.70±0.0
2 
5 20.5 0.125±0.003 0.208 ±0.005 2.56±0.06 
22.5±0.
4 
2.62±0.1
2 
60.2±0.
3 10.60±0.20 
2.12±0.1
6 
7.53±0.0
3 
 
As shown in Table 2, solid-state anaerobic digestion of dewatered sludge was more attractive in  
volumetric methane production rate than wet systems, since much higher OLR was supported. The 
biogas/methane yield and VS reduction was slightly lower than that in traditional wet digestion systems 
[3] and some reports [2,4,5], which was probably due to the differences in sludge quality and VS/TS 
levels. However, the methane content (60%-67 %) and specific biogas/methane production (0.92-0.94, 
0.55-0.63 lg-1VSremoved-1, respectively) determined on the destroyed VS (Fig. 1) was in accordance with 
the known data for anaerobic digestion of mixed sludge (primary and secondary sludge) [3].  
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Fig. 1. Variations of VSrB /  and VSrB /'  at different SRTs. 
As SRT was shortened from 40 days to 10 days, the OLR increased from 2.6 to 10.2 kg VS m-3d-3, 
and no obvious VFA accumulation was observed. That indicated that the applied substrate at these SRTs 
(≥ 10d) could cultivate sufficient biomass (especially methanogens) thus obtain corresponding 
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degradation without great VFA accumulation. That is to say, at long SRT (≥ 10d) conditions, sufficient 
biomass can be produced for the increasing OLR, thus the degradation degree (i.e. VS reduction) was 
determined by the hydrolysis degree at certain SRT, as is known that the rate-limiting step is organic 
matter hydrolysis. As SRT was shortened to 5 days, the system could still reach steady state, but obvious 
VFA accumulation of 2.62 gl-1 was observed, indicating insufficient methanogens for the hydrolysed 
substrate. As the SRT was shortened to 3 days (data not shown), the system could not obtain steady state 
and biogas decreased sharply with dramatic drop of pH, indicating washing out of the biomass at short 
SRT. The minimum SRT for solid state system was the same as wet anaerobic digestions reported by 
other researchers [5-7]. It proved that, compared with wet anaerobic digestion, the much higher OLR as 
well as TS of solid-state digestion system did not obviously influence the dynamic state of the process.  
Fig. 2 presents biogas yield, VS reduction and methane content as a function of OLR at long SRTs (≥ 
10d). It seemed that, at long SRTs, there were good linear relationships between the performance 
parameters and OLR. Since OLR=S0/SRT, the result was in accordance with the previous study where 
methane yield B  was found to be linear with 1/SRT for SRT ≥ 10 days [8]. It indicated that, solid-state 
digestion of dewatered sludge exhibited similar dynamic performance as in wet digestion system. 
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Fig. 2. Performance data as a function of OLR. 
3.2.  Steady state model for reactor design  
For solid-state systems, VS reduction instead of effluent COD concentration was more applicable and 
frequently measured. Therefore, a simplified kinetic model describing VS reduction as a function of SRT 
was deduced based on first order kinetic expression and mass balance of the reactor.  
For a completely mixed (semi-)continuous system without solids recirculation, mass balance equation 
can be written as: 
                                                           
T
SSF
dt
dS  0                                                                            (1) 
where all the symbols were already defined by Chen and Hashimoto [8]: S is biodegradable digester or 
effluent substrate concentration (gl-1); S0 is biodegradable influent substrate concentration (gl-1); F  is 
substrate utilization rate (gl-1d-1); T  is hydraulic or average solids retention time (d). 
For anaerobic digestion of complex particulate substrate like sludge, hydrolysis is considered the rate-
limiting step and can be expressed by first order model [9,10]. Then F  can be considered first order 
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kinetic with substrate concentration S : 
Sk
dt
dSF                                                                              (2) 
where k  is the first order constant (d-1). Under steady state, Eqs. (1) and (2) yield: 
10
0

  T
T
k
k
S
SS                                                                           (3) 
Another equation from Chen and Hashimoto (1978) was known as: 
00
0
B
B
S
SS                                                                                    (4) 
where B  is methane yield (lg-1VSadded-1 ); 0B  was methane yield as foT . 
In this study, since the methane content in biogas showed decreasing trend (Fig. 2) with increasing 
OLR or decreasing SRT, biogas yield 'B  and '0B  were used instead of methane yield B  and 0B , and 
Eq.(4) was then written as:  
'
'
00
0
B
B
S
SS                                                                                   (5) 
Fig. 1 shows the variations of VSrB /  and VSrB /'  at different SRTs. For a certain substrate, VSrB /'  
was approximately constant (SPSS analysis showed that p=0.277>0.05, indicating no significant 
differences among groups of different SRTs) while VSrB /  showed decreasing trend with SRT. If the 
specific biogas production per unit substrate removed was considered constant, Eq. (4) can be written as: 
000
0
'
'
r
r
VS
VS
B
B
S
SS                                                                           (6) 
where VSr was VS reduction and VSr0 was the maximum VS reduction. 
Replacing Eq.(6) in Eq.(3), we can obtain: 
10 
 T
T
k
k
VS
VS
r
r                                                                             (7) 
and  
T  kVSVS
VS
rr
r
0
                                                                          (8) 
In Eqs. (7) and (8), VSr0 can be obtained by curve fitting. Then k can be determined as the slope by 
plotting VSr/(VSr0-VSr) with T . As long as the constant k was determined, Eq. (7) can be used to help 
reactor design. 
3.3.  Parameter estimation and model validation 
In this study, VSr0 was estimated to be 44.83% from Fig. 1. VSr/(VSr0-VSr) as a function of k was shown 
in Fig. 3(a), and k was determined to be 0.24 d-1. Then Eq. (7) can be shown by Fig. 3(b). It demonstrated 
that 80% of the maximum VS reduction can be obtained with SRT longer than 16 days and 90% with 
SRT longer than 37 days, and reactor volume can be determined accordingly. Another use of the simple 
model was to predict VS reduction by measuring of B. For example, for certain WWTP, influent substrate 
concentration may be changed due to the change of TS or VS/TS in dewatered sludge, which usually led 
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to measurement errors of VSr in the following several SRTs. Then B can be used to estimate real VS 
reduction by Eq. (6). The model also indicated that for similar substrate (e.g. sludge generated by 
WWTPs using the same kind of process in certain area), the constant k can be considered similar, then Eq. 
(7) can be used to estimate the maximum VS reduction of unknown substrate, once the VS reduction at 
certain SRT was known.  
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Fig. 3. (a) Plotting of VSr/(VSr0-VSr) with T  and (b)VSr /VSr0 as a function of T . 
4. Conclusions 
Solid state anaerobic digestion of sewage sludge under mesophilic conditions was investigated. Biogas 
yield, VS reduction and methane content showed good linear relationship with OLR (or 1/SRT) at long 
SRTs (≥ 10d). The minimum SRT at which system failure occurred was 3 days. Maximum VS reduction 
and biogas yield was estimated 44.83% and 0.420 lg-1VSadded-1 d-1. First order constant k  was estimated 
to be 0.24 d-1. The model can be used to predict system performance and help reactor design. 
Acknowledgements 
This work was financially supported by the key projects of National Water Pollution Control and 
Management of China (2011ZX07303-004).  
References 
[1] Fujishima, S., Miyahara, T., Noike, T., 1999. Effect of moisture content on anaerobic digestion of dewatered sludge: ammonia 
inhibition to carbohydrate removal and methane production. In: Mata-Alvarez, J., Tilche, A., Cecchi, F. (Eds.), Proceedings of 
the Second International Symposium on Anaerobic Digestion of Solid Wastes. Barcelona, vol. 1. Gràfiques 92:15-18, 348-355.  
[2] Duan, N., Dong, B.,Wu, B., Dai, X., 2012. High-solid anaerobic digestion of sewage sludge under mesophilic conditions: 
Feasibility study. Bioresour. Technol. 104:150-156.  
[3] Metcalf & Eddy. 2003. Wastewater engineering: treatment and reuse. 4th ed., New York: McGraw-Hill. 
[4] De la Rubia, M.A., Perez, M., Romero, L.I., Sales, D., 2006. Effect of solids retention time (SRT) on pilot scale anaerobic 
thermophilic sludge digestion. Process Biochem. 41:79-86. 
[5] Nges, I.A., Liu, J., 2010. Effects of solid retention time on anaerobic digestion of dewatered-sewage sludge in mesophilic and 
thermophilic conditions. Renew. Energ. 35:2200-2206. 
[6] Lawrence, A.W. and McCarty, P.L., 1967. Kinetics of methane fermentation in anaerobic waste treatment. Tech. Rept. No. 75, 
Stanford University. 
[7] Andrew, J.F., Cole, R.D., and Pearson, E.A., 1964. Kinetics and characteristics of multistage methane fermentations. SERL Rept. 
64-II, University of California, Berkeley. 
[8] Chen, Y.R., Hashimoto A.G., 1978. Kinetics of methane fermentation. Biotechnol. Bioeng. Symp. 8:269-283. 
[9] Sanders, W. T., Geerink, M., Zeeman, G., Lettinga, G., 2000. Anaerobic hydrolysis kinetics of particulate substrates. Water 
Science and Technology. 41:17-24. 
[10]Vavilin, V. A., Fernandez, B., Palatsi, J., Flotats, X., 2008. Hydrolysis kinetics in anaerobic degradation of particulate organic 
material: An overview. Waste Management, 28:939-951. 
